I. INTRODUCTION
The effect of persistent photoconductivity (PPC) has been observed in a large number of III-V and II-VI compounds, with various dopants, and different structures: bulk, heterojunctions, modulation-doped, or delta doped layers. 1-25
It is manifested by the fact that photoexcited carriers do not recombine once the radiation is turned off, i.e., the excess carrier lifetime is extremely long, hours or even days, as long as the sample is maintained at low temperatures, typically below 150 K. 1°'24'25 In some systems, e.g., GalnP/InP or Ga!nP/GaAs, the effect was observed even at room temperature. 2'14 The persistent increase in carrier concentration can be as large as four orders of magnitude. 8 Persistent photoconductivity has been an issue of extensive experimental and theoretical interest, with most attention directed in recent years to heterostructures, in particular of A1GaAs/GaAs.
Different observations and interpretations
were presented by the various researchers. There seems to be a general consensus that at least two mechanisms are responsible for the effect. 7-12 The most common interpretation associates the phenomenon with photoexcitation of carriers from deep traps, with a microscopic barrier preventing immediate recombination. This process can be found in bulk material as well as in heterostructures.
In the latter configuration a second mechanism is reported in which direct electron-hole generation followed by macroscopic separation gives rise to PPC. There are different reports as to the relative importance of each mechanism, as to the identification of the deep trap, and as to the source of persistence in each case.
It seems to be well accepted that the reason for the persistence of excess carriers generated from deep donors is due to separation in the k space. The deep traps are located away from the center of the Brillouin zone, either near the L or the X symmetry points. Once excited, the carriers relax rapidly to the F point, making recombination extremely difficult at low temperatures. 1-5 This mechanism, involving deep donors, was supported by the fact that in these structures the increase in concentration was accompanied by a decrease in mobility which was attributed to increased ionized scattering. 4 Chand et al., on the other hand, have studied over 50 samples of both n-and p-type A1GaAs, and since they consistently observed increase in mobilities they ruled out DX centers as the source for PPC in Si-doped A1GaAs. 16
In a second paper they associated the persistence with the silicon dopant serving as a double acceptor which, by releasing an electron, changes its charge from -2 to -1.17 The negative charge acts as a Coulomb barrier to electrons, thereby preventing recombination.
In heterojunctions PPC can originate by direct generation of electron-hole pairs and the lack of recombination is due to spatial separation between the original location of the electrons and their final destination. 9-15 Such is the case in a modulation doped field effect transistor (MODFET) structure in which electrons generated at the barrier AIGaAs layer are transferred into the two-dimensional electron gas (2DEG) in the GaAs. l°In these structures the physical separation can also accompany the excitation of excess carriers from deep traps. 7'1°A8'19 While the increase in carrier concentration can be several orders of magnitude in bulk material, it is usually well below one order of magnitude in heterostructures. 8
II. EXPERIMENT
Two MODFET structures, Q 1 1 and Q 12, were investigated and their schematics are shown in Fig. 1 difference between the two structures is that in the former the barrier was continuously doped, while in the latter the doping was applied via a delta layer in the barrier. All samples were grown in an MBE system, by QED Corporation. The layers were formed on a semi-insulating GaAs substrate, starting with an AlAs buffer, followed by a GaAs layer, and a superlattice buffer. All these were undoped. In structure Q 11 the next layer was an undoped GaAs, 3000 _ wide, in which the well was formed.
It was followed by an Al0.30Gao.70As barrier, composed of two parts: first the undoped spacer, nominally 50 ]k wide, followed by a uniformly doped layer, nominally 350/_ wide, with a silicon concentration of IX1018 cm -s. In structure Q12 the supeflattice was followed by an undoped A10.30Ga0.70As, 500 A wide, then the undoped GaAs well, 300 _ wide. The A10.30Ga0.70As barrier was designed to be 400/_ wide, in which a Si delta doping was implemented with a sheet concentration of 3.5×1012 cm -2, placed 50 Ik from the GaAs interface. In both structures the cap layer was n + GaAs with a donor concentration of over 3.5 X 1018 cm -3. (Fig. 2) , while the mobility dropped with/_n proportional to T -2 (Fig. 3) . The effect of PPC was to increase the apparent concentration at low temperatures by roughly 50%, from 6.2X10 v to 9.4×10 u cm -2 for sample Q1 1 and from 1.1 X 1012 to 1.7 x 10 la cm -2 for sample Q 12. However, The data quoted above were derived directly from Hall and conductivity measurements; i.e., the carder concentrations were assumed to be r/eR H where R u is the Hall coefficient while the mobility was obtained from the product /x,_=R_o-where tr is the conductivity.
The only correction applied at times was the introduction of a value different from 1 to the Hall scattering coefficient r. 29 In our analysis we assumed r = 1.
In most quantum structures more than a single type of carrier takes part in the transport. For example, in a MOD-FET structure three layers may play a role in the conductive process, namely the undoped well, the doped barrier, and the highly doped cap layer. The picture may be further complicated when more than one sub-band in the well is occupied.
As a result, the Hall concentration and mobility data are complex averages of the concentrations and mobilities of the constituent components. Pxx- 
IV. RESULTS AND DISCUSSION
Figure 2(a) shows the carrier concentrations before and after illumination for sample Q 11 while Fig. 2(b) In both cases the PPC concentrations agree extremely well with the values derived from the SdH analysis (7.5×1011 and 1.3×1012 cm -2, respectively), but less well for the concentrations prior to illumination, in particularly for the Q 1 1 structure. The reason is twofold. First, the accuracy of fitting process improves if the conductivities of the two contributing layers are of similar magnitude. Thus with no PPC the accuracy of the derived second carder concentration is limited as its conductivity is much smaller than that of the 2DEG, due to its small concentration and mobility. Second, as discussed below, the unconfined structure of sample Q 11 on its substrate side results in extended states which cannot be considered 2D and therefore will not be observed in the SdH analysis.
The effect of PPC is much more significant on the carrier concentrations in the parallel layer. Following illumination the low-temperature concentrations increased by more than an order of magnitude, from 6×101°to 3×1012 cm -2 in structure Q11 and from 2×10 u to 3x1012 cm -2 in structure Q 12. Interestingly, this concentration is almost temperature independent, very much like the 2DEG concentration, only 3-4 times larger. Unlike the previous case, the accuracy of the fitting process in this region is very high, due to the large concentrations in the parallel layer.
The fundamental question is where the location of this second parallel free carrier is. In a previous work it was claimed that these are electrons in the highly doped cap layer. 32 The argument was based on the fact that the conductivity of the layer remains unchanged as the temperature was lowered, typical for degenerate material. This is not the case in our structures. In Fig. 2(c The PPC results in a slight decrease of this mobility, with the final mobility being even less temperature dependent than the original one. The marked difference between the two samples is in the two-dimensional mobility at its plateau (below 100 K). Before illumination these mobilities are quite similar for both structures, namely 92 000 cm2/V s for sample Q 11 and 74 000 cm2/V s for sample Q 12. However, the effect of PPC on the two structures is dramatically different. While the mobility more than doubles for Q11, reaching about 200 000 cma/V s after illumination, it drops by almost the same factor for Q 12 due to PPC, to 44 000 cma/V s. Thus it is obvious that the location of the doping in the barrier has a dramatic consequence on the effect of PPC on carder mobility. For both structures the change in mobility is extremely large, considering an increase in 2DEG concentration of around 20%.
A However, this effect takes place only at much lower concentrations, of about 2)< 1011 cm -2, at which the carrier energy is smaller than the root-mean-square value of the fluctuations.
This process cannot explain the increase in mobility at the carrier concentrations which we are dealing with in sample Q 11, which are 4× larger than those of Rorison et al. In the previous paragraph the increase in mobility was associated with the increase in 2DEG concentration.
The dependence of the mobility only on the concentration of electrons in the GaAs well is misleading.
Rather we tend to associate the large increase in mobility in sample Q 11 also The drop in the mobility in Q 12 is due to the coupling between the GaAs well and the A1GaAs supply layer. In these type of structures there are two triangular wells 37 due to the conduction-band discontinuity.
One in the undoped GaAs layer, in which the 2DEG high mobility transport takes place, the other is in the A1GaAs barrier, generated by the delta doping. The last piece of data which has to be explained is the increase in the quantum relaxation time for structure Q 12 in spite of the decreased mobility. The ratio between the classical scattering time and quantum relaxation time decreases from 9.3 to 3.4 following illumination. The various mechanisms dictating this ratio are discussed by Das Sarma and Stern. 38 The basic difference between the two times is that mobility is hardly affected by small-angle scattering, since the associated classical time has a (1-cos 0) weighing factor, while quantum relaxation is affected equally by all scatterers. Thus the quantum time depends on the total number of scatterers, on their "quantity,"
whereas the classical time depends on their "quality." Therefore the more isotropic is the scattering, the more similar the two and the smaller the ratio. Three parameters determine how isotropic is the process, namely the distance between the scatterers and the elec- qT-F= 2gom*e2/h'h 2, where K is the dielectric constant. This parameter is equal to 2× 10 6 cm -1 for GaAs and to 1.9× 107 cm-l for Si. 38 The ratio between the times increases with increasing kF/qr F (which explains the ratio of 1 in Si27'38), and with the product zi'qTF .38 For our structures the spacer is 50/_ wide; thus this product is equal 1. For kF/qr F equal also to 1, the ratio between the scattering times is about 9.
This agrees well with our result prior to illumingtion. The effect of PPC is twofold: on one hand, the large i_crease in free-carrier concentration in the barrier and the]increased 2DEG concentration improve the screening of the remote ionized centers, as is the case in Q 1 1. This results in a longer quantum relaxation time in both samples. However, these centers have little influence on the mobility as compared with that of the centers in close proximity to the interface.
The self-consistent analysis of structure Q 12 indicates that the 2DEG penetrates into the barrier, greatly increasing the destructive role of the centers associated with the Si delta layer. This can be interpreted as effectively reducing the width of the spacer. An effective spacer width of 20/_ will result in the measured ratio of 3.
V. CONCLUSIONS
The separation between the concentrations and mobilities of electrons in the 2DEG and in the parallel layer reveal interesting findings on the effect of PPC on MODFET structures. First, the increase in carrier concentration in the 2DEG is much smaller than appears from the Hall measurement.
The apparent increase in the Hall concentration is almost entirely due to the large increase in the parallel layer carrier concentration. Our analysis indicates that the parallel layer carriers are electrons in the A1GaAs barrier. These carders go through freeze-out in the dark, with an activation of energy 10 or 20 meV, while with PPC their concentrations remains unchanged, being roughly equal to 3X1012 cm -2.
The effect of PPC on mobility depends extensively on the location and distribution of the dopant. While with a continuously doped barrier the mobility more than doubled following illumination, it fell to half its original value in the sample in which the dopant was introduced as a delta layer in the A1GaAs. With the aid of self-consistent analysis we have shown that the increase in the first case is mostly due to the effective screening of the ionized donors by the large concentration of electrons in the continuously doped barrier. On the other hand, the band bending between the two wells formed by the delta doping results in strong coupling between the layers. As a result, the 2DEG electrons are not completely confined to the GaAs well, but penetrate into the barrier. This results in a drastic drop in their mobility. The self-consistent analysis should be improved to simulate real life PPC and to include the distribution in energy of DX centers with their extremely long recombination time, in order to obtain more quantitative results. However, we believe that the qualitative conclusions we derived from the ,selfconsistent analysis are due to first-order effects and will not change when these refinements in the calculations will be included.
